Horizontal gene transfer (HGT) involves the transmission of genetic material between distinct 21 evolutionary lineages and can be an important source of biological innovation. Reports of 22
inter-kingdom HGT to eukaryotic microbial pathogens have accumulated over recent years. 23
Verticillium dahliae is a notorious plant pathogen that causes vascular wilt disease on 24 hundreds of plant species, resulting in high economic losses every year. Previously, the 25 effector gene Ave1 and a glucosyltransferase-encoding gene were identified as virulence 26 factor-encoding genes that were proposed to be horizontally acquired from a plant and a 27 bacterial donor, respectively. However, to what extent HGT contributed to the overall genome 28 composition of V. dahliae remained elusive. Here, we systematically searched for evidence of 29 inter-kingdom HGT events in the genome of V. dahliae and provide evidence for extensive 30 horizontal gene acquisition from bacterial origin. 31
INTRODUCTION 33
Genetic information is generally vertically transferred from parents to their offspring. 34 However, genetic information can also be transmitted laterally between reproductively 35 isolated species, often referred to as horizontal gene transfer (HGT). It has been well 36 established that HGT plays a significant role in the adaptive evolution of prokaryotic species 37 Phaeosphaeria nodorum both contain the near-identical effector gene ToxA that encodes a 51 host-specific toxin that acts as pathogenicity factor (Friesen et al. 2006 In our analyses, we focused on the complete telomere-to-telomere genome assembly of V. 2016) that generates AI scores for each V. dahliae gene based on the comparison of best BLAST 107 hits with in-group and out-group species; in this case non-Verticillium fungal species and non-108 fungal species, respectively (Figure 2A ). In this manner, we query for HGT candidates that were 109 acquired only by Verticillium spp., or that were acquired by ancestral fungal species but kept 110 only by Verticillium spp. during evolution. When the most significant BLAST hit of a gene within 111 the out-group is more significant than the most significant hit within the in-group, the AI score 112 is positive (i.e. AI>1) and this gene is considered a potential HGT candidate. This AI analysis 113 yielded 42 HGT candidates with AI positive scores (AI>1) for V. dahliae JR2 ( Figure 2B ), which 114 were further analyzed. To this end, we aligned protein sequences of all the homologs for each 115 candidate (from in-, out-groups) and constructed phylogenetic trees that were automatically 116 evaluated to remove phylogenetic trees with candidate genes that are directly adjacent to 117 non-Verticillium fungal species (in-group species) rather than non-fungal species (out-group 118 species). However, candidate genes that are closely related to the homologs of out-group 119 species in a phylogenetic tree can also result from duplication followed by multiple gene losses 120 in the in-group species. Typically, in such a phylogenetic tree, paralogs of the candidate gene 121 cluster with genes of non-Verticillium fungal species (in-group species) and form separate 122 branches from the branch of the candidate gene. Thus, we removed the candidates with 123 phylogenetic trees that can be explained by gene losses in multiple species. In the end, we 124 obtained two HGT candidates (HGT1 and HGT2) that were acquired only by Verticillium spp., 125 or that were acquired by ancestral fungal species but kept only by Verticillium spp. during 126 evolution. To check whether these two V. dahliae candidates are also present in other 127
Verticillium spp., we queried them using BLAST against the proteomes of previously published 128 In order to search for HGT candidates that are not only present in Verticillium spp., but 133 also may be present in other ascomycete species, we again used the AI method, albeit with 134 adjusted AI group settings. In this case, we set non-fungal species and non-ascomycete fungal 135 species as out-and in-groups, respectively. AI scanning resulted in 603 genes with AI positive 136 scores (AI>1), which were selected for further assessment through phylogenetic tree analysis 137 (Table 1) . After assessing phylogenetic trees, we identified 43 additional HGT candidates with 138 non-fungal origins that are also present in other fungal ascomycete species. Among these 139 candidates, two appeared as paralogs in the phylogenetic tree. The clusters of these two genes 140 are close to each other in the tree, which indicates that the two paralogs are likely the result 141 of a duplication and not of independent acquisitions. Therefore, we only considered 42 HGT 142 candidates for further analyses. Of these, one is of plant origin and 41 are of bacterial origin 143 (Table 1 ). The candidate of plant origin is the previously identified HGT gene, Ave1 ( (within 1 kb) to a repetitive sequence ( Figure 9 ). Subsequently, we compared repeat counts 194 within 1 kb genomic windows around each of the 44 HGT candidates to the repeat counts in 195 1 kb genomic windows of 44 randomly picked genes (1000 permutations), which confirmed 196 that the HGT candidates are significantly more often adjacent to repeats than expected by 197 chance (P = 0.0331). 198
DISCUSSION 201
In this study, we systematically searched for evidence of inter-kingdom HGT events in the 202 genome of V. dahliae using an Alien Index (AI) based method. Subsequently, we verified HGT 203 candidates using a phylogenetic approach. In general, there are two classical ways to identify 204 HGT candidates: intrinsic and extrinsic methods. Intrinsic methods focus on patterns in the 205 primary structure of genes and genome sequences and aim to find genes or genomic regions 206 with composition patterns that differ significantly from the rest of the genome. Poptsova 2009). In principle, an HGT event will create a discrepancy between the gene and 216 species trees. However, phylogeny-based methods are much more computationally intensive, 217 because they require ortholog predictions, sequence alignments and phylogeny 218 reconstructions (Dupont & Cox 2017). Thus, we chose to utilize an AI based method to pre-219 select candidates that can be further analyzed through phylogenetic analyses. 220
Although the AI method provided a rapid identification of HGT candidates, some 221 limitations of the method should be kept in mind. The AI method relies on the quality of the 222 reference database, the accuracy of the taxonomic assignment and the diversity of taxa 223 covered by the reference database. The two HGT candidates (HGT1 and HGT2) that appear to 224 be Verticillium-specific could also be explained by the absence of the ortholog-containing 225 species. In other words, the more closely related species are included in the database, the less 226
Verticillium-specific HGT candidates might be identified. Furthermore, AI based methods rely 227 on pre-defining in-and out-groups and can only identify HGT candidates that are absent in 228 the in-group species. In our case, the method is unable to identify candidates that were 229 acquired before the formation of ascomycetes, and candidates that were also acquired by 230 fungal non-ascomycete species independently at more recent events from the same donors. 231
Nevertheless, the 42 HGT candidates that were also found in other ascomycete species 232 were most likely acquired during ancient transfer events. The extent of gene transfer from 233 prokaryotes to fungi is highly different across diverse ascomycete fungal lineages. In this study, we applied a conservative approach combining an Alien Index (AI) method and 267 phylogenetic analysis to analyze inter-kingdom HGT to Verticillium dahliae. Besides the 268 previously identified effector gene Ave1 and a glucosyltransferase-encoding gene, we 269 revealed 42 additional HGT candidates, all of which are of bacterial origin, indicating a high 270 number of inter-kingdom gene acquisitions. 271
MATERIALS AND METHODS 274

Construction of local protein database and protein BLAST 275
The protein database used for BLAST analyses was generated using the reference proteomes 276 from UniProtKB excluding viruses (downloaded at 07-07-2016). Entries from UniProt were 277 renamed to include their UniProt ID and NCBI taxonomy ID. Sequences shorter than ten amino 278 acids were removed from the database. All predicted proteins sequences from each of the 279 Verticillium species were queried to search homologs in the local protein database using 280
BLASTp (with default settings). We searched for the presence of the HGT candidates in one 281 strain per species that were studied previously (Depotter et al., 2017; Shi-Kunne et al., 2018). 282
Protein sequences of each HGT candidate were queried against the proteome of each strain 283 using BLASTp (with default settings). 284 285
Identification of HGT candidates 286
Alien Index (AI) scores were calculated using a custom-made python script which applied the 287 following formula:
= (ln( ℎ + 1 × 10 ./00 ) − ln( ℎ + 1 × 10 ./00 )), where bbhG 288 and bbhO are the E-values (<10 -3 ) of the best BLAST hit from the in-group and out-group, 289 respectively. Best BLAST hits were determined by the highest bit score. Genes with AI score 290 >1 were classified as positive AI genes. For each AI positive gene, homologs were selected 291 based on the BLAST criteria that at least 70% of query length is covered by at least 60% of hit 292 sequence using a custom-made Python script. These homologs were then aligned using 293 were aligned and the resulting alignment was used to infer a maximum-likelihood phylogeny. 494
The phylogeny suggests that HGT-1 is transferred from a bacterial species. Different colors 495 depict different groups or species. A more detailed part of the tree that contains Verticillium 496 species is shown on the right. Orange squares indicate branches with bootstrap values ≥60. 497 were aligned and the resulting alignment was used to infer a maximum-likelihood phylogeny. 501 Different colors depict different groups or species. The phylogeny suggests that HGT-2 is 502 transferred from a bacterial species. A more detailed part of the tree that contains Verticillium 503 species is shown on the right. Orange squares indicate branches with bootstrap values ≥60. 504 
